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Abstract 

We compute the helicity amplitudes for boson-boson scattering at high energy due to the 
operators 0_b$, Ow<s> and Oub, and we derive the corresponding unitarity bounds. Thus, 
we provide relations between the couplings of these operators and the corresponding New 
Physics thresholds, where either unitarity is saturated or new degrees of freedom are 
excited. We compare the results with those previously obtained for the operators Ow 
and Ouw and we discuss their implications for direct and indirect tests at present and 
future colliders. The present treatment completes the study of the unitarity constraints 
for all blind bosonic operators. 



^^Work supported by the scientific cooperation program between CNRS and EIE. 



1 Introduction 



At present energies where no production of any New Physics (NP) particles has ever 
been observed, the search of NP effects goes mainly through the procedure dubbed high 
precision tests ||1|]. It corresponds to the hypothesis that NP dynamics is governed by a 
characteristic scale Ajyp lying much above the electroweak scale v. Therefore its observable 
effects in present high precision experiments should take the form of residual interactions 
among usual particles (leptons, quarks, gauge bosons and possibly Higgs bosons), which 
are beyond those expected in the Standard Model (SM). Such residual interactions can 
be described in terms of effective lagrangians. 

These effective Lagrangians are constructed in terms of standard model fields and 
are constrained to preserve the usual space-time and internal symmetries of the SM. Thus 
SU{2) X U{1) gauge invariance is imposed, which has the extra benefit that it tempers the 
loop divergences and leads to a decent A^p dependence of loop integrals involving these 
interactions 0. However this does not restrict by itself the number of independent 
NP operators Such a restriction is generated though from the fact that Ajyp 3> v, 
which hopefully means that only a few low dimensional operators are relevant. Since SM 
already includes all possible dim = 4 terms, the NP effects start being described by the 
dim = 6 operators. 

A restricted list of effective lagrangians has been established on the basis of the results 
of the high precision tests performed at LEPl, SLC and other low energy experiments 

0. Indeed, from the absence of any departure from the SM predictions in fermionic 
interactions (at the permille level in some cases), it seems natural to describe the NP 
effects using operators involving only the bosonic fields (7, Z, W, H). Imposing also CP 
invariance for NP, a list of 11 independent dim = 6 bosonic operators has been drawn 

01. Four of these operators, however, affect the gauge boson 2-point functions at tree 
level and their contribution is severely constrained by the high precision tests. Another 
two depend only on Higgs fields and do not lead to any observable effects in present or 
future experiments. Consequently, we end up with five remaining operators (the so called 
"blind" operators 0), which are viable candidates for the description of observable NP 
effects in the near future. These operators imply genuine NP gauge boson and Higgs self 
interactions, involving 3-boson and multi-boson vertices. These NP manifestations could 
be observable at future machines through gauge boson pair production as well as through 
production of channels involving Higgs bosons. 

It has been shown that if LEPl high precision measurements are used to test the 
indirect 1-loop contributions of these operators to the gauge boson self-energies, then the 
constraints obtained on their couplings are rather mild 0]. Therefore considerable room 
exists at present, for the observability of such interactions at LEP2 (at the level of 



0(0.1)) and a fortiori also at the higher energy machines LHC P| and NLC [^J , |T0[, where 
the sensitivity should be 10 to 100 times better. Further restrictions on these operators 
may be found by making dynamical assumptions on the origin of NP and the additional 
symmetries that it might satisfy |]lT], ^ |l^ . 

In this paper we discuss the validity domain of these operators by using unitarity 



1 



constraints. This is amply motivated by the fact that at least in the well known old 
example of the Fermi current-current interaction (which is also a dim = 6 operator), 
unitarity considerations have proven to be extremely powerful in pinpointing the correct 
energy region where the underlying new physics would arise; i.e. the Mw, Mz mass 
domain. 

In a similar way, the above NP local operators lead to amplitudes involving the various 
gauge bosons and Higgs particles, which approach the unitarity limit at a sufficiently 
high energy. Thus, either strong interactions will be generated at such an energy, or new 
particles will be excited which will destroy the locality of the NP operators we have started 
withQ. This energy value should be identified with the NP scale or threshold A^rp. So for 
each of the five blind operators, unitarity considerations provide relations between their 
coupling constants and the NP scale. These relations can be used in several ways. Thus, 
if from some model one knows a lower bound for the NP scale A^p, then unitarity can 
be used to obtain upper bounds for the couplings of the various NP operators. Or vice 
versa, if an upper bound on any of these couplings is experimentally established, then 
unitarity provides a lower bound for the relevant NP threshold Ajsfp. Obviously a very 
accurate experiment, sensitive to very small couplings, will be able to push A^p to very 
high values. 

In a previous paper we established such relations for two of the above blind op- 
erators. These operators were selected because they are also invariant under custodial 
SU{2)c transformations. They have the common property of generating at sufficient high 
energies, strong interactions among transverse Wt states, irrespective of the Higgs mass. 
This was a novel feature as compared to the well-known case of strong interactions 
appearing among longitudinal Wl states in the Mh oo limit. We now extend this 
program to the full set of blind operators. One of them (Oub) can also generate strong 
interactions for transverse Bt states, whereas (Cvi/* and (9_b$) affect strongly the longi- 
tudinal Wl and Bl states also. In this last case though, the situation is different from 
the usual one in [^, because now strong interactions appear even if the Higgs boson is 
so light that it can possibly also be produced [0. 

We established these unitarity relations by following a 3-step procedure. Firstly, we 
compute all 2-body boson-boson helicity amplitudes involving 7, Z, W and H states, gen- 
erated by any blind operator. Very simple expressions for these amplitudes are obtained 
for cm. above 1 TeV, by neglecting all subleading 0{M^/s) terms These results 
should, by the way, be useful for computing the various observables in boson-boson fusion 
processes at high energy colliders. Secondly, we project these high energy amplitudes on 
the lowest partial waves which give the most stringent unitarity constraints. And thirdly, 
we derive the unitarity limit for each partial wave by diagonalizing the related matrix, thus 
getting relations between the couphng constants and the energy scale. As explained in 
Tl], it is justified for our indicative purposes to treat each blind operator separately. The 



results for the various operators are discussed and compared with the indirect constraints 
obtained from high precision tests, and with the sensitivities expected at future machines. 



^In fact this is what happened to the old Fermi theory. 
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We will see that this is instructive for scrutinizing the NP properties and identifying the 
sector where they are originated. 

The development of the paper goes through the 3 steps mentioned above. In Sect. 2 we 
present the various 2-body scattering helicity amplitudes whose high energy expressions 
are explicitly written in Appendix A and B. In Sect. 3 we project the partial waves and 
write the unitarity constraints for the three new operators. A discussion of the results 
and a comparison with other constraints is done in Sect. 4. Their implications for the 
search of NP are drawn in the concluding Sect. 5. 

2 Boson-boson scattering through dim = 6 interac- 
tions 

We derive the full set of vector boson (V = 7, Z, W^) and Higgs boson (H) scattering 
amplitudes in the VV, HV and HH channels, due to the three blind operators 

OB$ = z5^'^(D^$)tD,$ , (1) 

Ow^ = ■ , (2) 

OuB=^{UU^ -^)B,,B^''' , (3) 
2 

where is the non-abelian W field strength and U is the scalar field matrix 

[/=($,$), (4) 

^ = ( ^(^ + ^<P^) ) ' ^5) 

$ = zr2$*, {A) = TrA and v = 2Mw / 92- 

These processes go through vector and Higgs boson exchange as well as 4- particle 
contact terms. The NP Lagrangian is written as 

2M^ 2M^ 4 

where we have also included for later convenience the contribution from the blind operators 
Ow and Ouw 
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ifw>/xir/Vfr/ . (7) 



analysed in |]14|. The implied Feynman rules are given in Table I. 
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The explicit expressions of the hehcity amphtudes in the high energy approximation 
are given in Appendix A for the Ob<s> and Ow^ contributions, and in Appendix B for the 
OuB case. At the tree level we are working in, we only have linear and quadratic terms in 
the new couplings /b, fw, ds- They grow with energy like s, s^/^ or s^. The leading SM 
contributions can be found in f^, and the results for the other blind operators Ow and 
Ouw are listed in p, |T^. Subleading terms are suppressed by powers of M^r/s compared 
to the leading ones and they are negligible for s > 1 TeV^ . Thus these amplitudes are 
very accurate for energies > 1 TeV . 

In the Ob'^ and Cvk* cases, the unitarity limits are reached when quantities of the 
type (/s/M^)^ are large. As we are obviously interested in scales s ^ M^, the other 
possible terms, (of the form ps/M"^ or fs/M^), are negligible. This simplifies very much 
the calculation, since the leading contribution arises from just the three neutral channels 
Wj^W^, ZlZl and HH, which in turn means that we only have to diagonalize a 3 x 3 
matrix. 

In the OuB case, the leading contributions can be either of the form dBs/M^^ arising 
from SM — Oub interference in LLTT and HHTT channels, or of the form rf^s/M^ 
due to purely transverse amplitudes involving two Oub vertices. This fact increases 
somewhat the rank of the matrix to be diagonalized in this case, and it is similar to the 
situation observed in the Ouw treatment |T^. We also remark that Oub generates strong 
interactions involving mainly Bj- and H, whereas the strong interactions induced by Ow<s> 
and Ob<s> affect more the Wl, and H states. 



3 Partial wave unitarity limits 

We project to partial waves the high energy helicity amplitudes gotten in the previous 
Section according to the expansion 



F{\A2-\,K) = 16vrE(j+^) I^i:_A.,A3-A.(0,^>O)(A3A4|T^|AiA2) , (9) 

for which the unitarity constraint is 

\T^\<2 . (10) 

The most stringent constraints come from the lowest values of the total angular momen- 
tum j. They are obtained by separately treating the sectors with total charge in the 
s-channel Q = 2, 1, 0. 

In the Q = 2 sector {i.e. the channel the most stringent constraint is derived 

from the j = amplitude predominantly involving only \W~^W~^ LL) state. From these 
we obtain 

|/b|<101^ , |/v.|<58^ . (11) 
s s 

The Q = 1 sector contains the channels 'yW, ZW and HW which can interact through 

all three types of operators. In the case of Ow<s> and Ob<s>, the most important j = 
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partial amplitude relates the 6 states {\ZW ± ±), \ZWLL), \-fW ± ±), \HWL)) giving 
the unitarity bounds are 

|/i.|<98^ , \fw\<54^ . (12) 
s s 

No j = amplitude involving Oub appears in the Q = 1 sector. So, we have to consider 
the J = 1 amplitudes. However these only contain terms linear in rfg, so that the bound 
is rather weak 

A/f2 

Mb|< 768 ^ . (13) 
s 

The Q = (neutral) sector is the richest one. 0^$ and Ow<s> contribute to the 12 
J = states, (|77 ± ± ), \-fZ ± ±), \HZL), \W-W+ ± ±), \W-W+LL), \ZZ ± ±), 
\ZZLL), \HH)). From the diagonalization of this j = amplitude we get 

|/i.|<98^ , |/v.|<31^ . (14) 
s s 

For the Oub case, the 9 states (I77 ± ±), I7Z ± ±), \ZZ ± ±), \ZZLL), \W-W+LL), 
\HH)) are the ones which predominantly participate in the j = partial amplitude. 
From its diagonalization we get 

adss 



334 + 16ciB + 8 - rfs) < 1 , (15) 



whose numerical solution for s > 1 TeV"^ is 

- 236 ^ + 1070 ^ < < 192^ - 1123^ . (16) 
For as/M^ > 1 TeV^ (i.e. s > 10 TeV^) this result simplifies to 

/\/f2 

\dB\< 180^ . (17) 



4 Panorama of unitarity constraints. 

The most stringent results found above are 

|/b|<98^ , \fw\<Sl^ , (18) 
s s 

and eqs. (16, 17) for ds- Together with these we recall the corresponding unitarity con- 



straints on Ow and Ouw derived in 



A^y <19^ , d < 17.6^ + 2.43^ ; 19 



(compare (6)). We now discuss the unitarity bounds obtained for all five blind operators. 

The bound on fs is somewhat weaker than the other ones, because of its normalization 
through the smaller value of gi rather than that of g2- Recall the definition of these 
couplings given in (6). The bound (16, 17) for ds is also somewhat weaker than the one 
for d in (19). This can be understood from the definitions (3, 8) of the corresponding 
operators, by remarking that there is no HWW coupling through rfs, while the HZZ 
coupling induced by ds is weaker than the d induced one by a factor of s^/c^; (note 
that the role of ZZ and 77 are interchanged when passing from d to rf^). We also remark 
that this ds versus d comparison would have been more striking if we had not used the 
factors of two in the definitions (3, 8). 

In practice, assuming a certain value for the NP scale s = Aj^p, one deduces upper 
bounds for the various couplings. For example if A^rp = 1 TeV one obtains 

|/b|<0.6 , \fw\< 0.2 , -0.8 < dB < O.Q , (20) 

\Xw\<0.12 , Ml < 0.3 . (21) 

These relations provide a feeling of how sensitive the various couplings are to unitarity 
constraints. Conversely, from the expected sensitivities to these couplings at future collid- 
ers, one can deduce the achievable lower bounds for the NP scale Atvp at these machines; 
i. e. the lower bound for either the generation of new strong interactions, or the production 
of new particles. For example at NLC (0.5 TeV) where the observability limits can be 
written as [^J 

|/b|> 0.012 , |/h/|> 0.006 , (22) 
we expect to be sensitive to NP scales satisfying 

ANp{fB)<7TeV , ANp{fw)<QTeV , (23) 

to be compared to 

Anp{\w) <^TeV , (24) 

obtained from \Xw\ Z 0.008 0. 

We next turn to the Higgs sector. For Ouw, the highest sensitivity \d\ > 0.001 was 



obtained from 77 ^ if production in laser backscattering experiments [|I6| . This implies 



Aivp(rf) < 30 TeV . (25) 

In the OuB case the 77 ^ production rate is enhanced by the factor Cyy/s^^. From 
statistics one then expects an increase in sensitivity by a factor 3, which means Irf^l ^ 
3.10"^, and from eq(16, 17) 

ANp{dB) < 60 TeV . (26) 
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5 Implications for New Physics searches 



We have established unitarity constraints for effective interactions which turn out to have 
many imphcations. They give relations between the coupling constants of each blind 
operator and the related NP scale at which new phenomena should appear. For example, 
assuming that the NP scale (or a lower bound of this) is known, one obtains an upper 
bound for the various couplings. Thus if e.g. K^p ^ 1 TeV"^, then < 0.6, \ fw\ ^ 0.2, 
I^vfI ^ 0.12, —0.8 < (is < 0.6 and \d\ < 0.3. Such bounds are quite interesting. They 
lie in the same range as those obtained by calculating the indirect 1-loop effects of the 
blind operators using the LEPl constraints 0, However, when doing such 1-loop 
computations with blind operators, one should remember that the NP contributions in 
the energy range s > A%p are actually ignored, while the lower energies contribute. For 
the validity of such calculations, it should therefore be checked, a posteriori, whether 
strong interactions have not already been developed in the energy range affecting the 
result. It is obvious that in the later case the perturbative treatment would be questioned. 
Moreover, the only way to justify ignoring the contributions from a strongly interacting 
energy regime is to assume that somehow the theory softens there. More concretely, one 
should worry whether such a treatment is justified in case the values of the coupling 
constants obtained and the NP scales assumed, violate our unitarity relations. 

Another aspect of our unitarity constraints is to associate in a simple way the NP 
scale to the observability limits which could be established for each effective interaction 
at future colliders. In that way one can clearly see that LEP2 experiments could explore 
the TeV range A^p, while the LHC and NLC ones should be sensitive to NP at scales up 
to several tens of TeV. 

It is then interesting to examine more carefully the structure of the effective operators 



and the nature of the NP effects involved. In the former cases |]14[ of Ow and Ouw: as 
well as in the Oub case treated in this paper, strong interactions appear among transverse 
gauge boson {Wt , Zt , 7t) and Higgs states. The two other operators Ow^ and Ob>s> 
generate strong interactions mainly among longitudinal Wl, Bl and Higgs states. Note 
that contrary to the SM case for which strong Wl interactions appear in the Mh oo 
limit, here it is not necessary for the Higgs mass to be large. These strong interactions 
appear even when the Higgs boson is light, and this light Higgs is itself strongly coupled 
to either Wt, Bt or Wl, Bl states. This means that each class of effective operators has a 
different implication about the NP properties and their origin. It is then extremely useful 
to disentangle these various possible NP manifestations in experimental measurements, or 
to precisely determine the observability limits for each of these new interactions separately. 
This will allow to test the NP pictures that one can have in mind, or at least to discriminate 
among the various sectors from which NP can originate. 
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Table I: Feynman rules for Ow^^ Ob^ and Oub interactions 



Prom the NP Lagrangian of eq(6) in the unitary-gauge, one derives the following 
expressions for the 3- and 4- body vertices 




':{92 fw sin 9w + 9i fs cos 0w) {ppQ^ia - PaQnn) 




P2 ^W, 



/3 



-ig2 fw 

2 cos 9w 



{Pl^Qan - Pln9al3 " P2a9l3n + P2ngal3} 



+2^92 fw COS Ow - gi fs sin Ow) ipt^gna - Pagu-fs) 




m fw 



2M, 



w 



{gap P ■ {Pl+ P2) - Pa Pip - Pp P2a} 



Ho 



P- 



{g2 fw + gi fs tan 6*^/) {5-0/3 P ■ {pi+ P2) 



2Mw 

Pa Pip - Pp P2a} 

- 4:dB g2 Sin^ 9w{gaP Pi ■ P2 - Pip P2a} 
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2Mw 

+ ids 92 sin Ow cos 6w{9u.a Pi ■ P2 - P2n Pia] ] 



2i ds 92 cos^ 6w r 1 

TJ {9aP Pi ■ P2 -Pip P2a} 



W2 fw 92{'29a'Y9f3S — ga^g-yS — gaSg/S-y} 



^^1^ sin 6*14. (5(2 COS + gi sin ew){29ap9-y5 - ga^gps 

1 en ^ \ 



gasgp-f} 
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-ig2 fw cos 9w{g2 cos 9w + Qi sin 9w){^9ai39^5 - Qasg-^p - 



2Mi 



Sm Bw{P3a9l3j - PspQa-y) 



W 



+ W7^i92 fw sin 9w + Ql fs cos 9w) {Pipgaj - P4a9/3j) 



m fw 



{ {g2 COS 9w + 9i sin 9w) 



2Mw 

[{P2a9^-( - P2^'9a0 ^ Pl^ga-y + Pl-ygafs] + 9l si^ 9w [Pw9ai " 

Psagp-r] } (92 fw cos 9w - 9i fs sin 9w)\p4p9a'i - 

Pia9p^] 



-m f 



w 



4M, 



9l { P2/3 Pla -Pl ■P2 9a(3 + Pl/3 Pia - Pi ■ Pi 9a(3 + 



W 



P2/3 P3a -P2 ■ P3 9a(3 + P3/3 P4a - P4 ■ P3 9al3 } 
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[ {.92 fw COS Ow + 9i Ib sin Ow) (gi cos Ow + 92 sin Ow 

{ P2f3 P3a - Ps ■ P2 9af3 + P3/3 Pia - Ps ■ P4 9a(3 + P2/3 Pla " 
P2 ■ Pi 9aP + Pl/3 PAa - Pi ■ Pi 9a0 } 

+ 16 dB 92 sin^ Ow{9ap P2 - Pa- Pao} ] 



—I 



4M, 



2 



[ {92 fw sin - gi fs cos (gfi cos 9w + 92 sin 9w 



vv 

{ P2/3 P3a - P3 ■ P2 5'a/3 + P2^ Pla " P2 - Pi 5'a/3 } 

- 16 ds 92 cos 6l|y sin 9w{9ap P2 ■ Pa - P2/3 P4a} ] 



4i (is 5(| cos^ 9w r -, 

7T2 {9ap P2 - Pi- P2f} PAa} 
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Appendix A : Helicity amplitudes for Boson-Boson fusion pro- 
cesses at High Energy due to Owp and interactions 



Below we give the amplitudes for the processes that do not vanish at high energies. 
A.l 4- gauge boson processes 

In general there are 81 helicity amplitudes F\\i^^i for each vector boson-vector boson fusion 
process Vi(A)V2(A') V3(/i)V4(/i'). Taking into account parity conservation, (which 
is valid at tree level for the self-boson interactions contained in SM and the operators 
considered) we obtain 

Faa'mm'(^) = F^x-x'-,-Ad) (-1)^-^'-'^+^' , (A.l) 

which reduces the number of independent amplitudes to 41. In specific channels this 
number is further reduced due to e.g. to the absence of helicity zero states for photons, 
the symmetrization for identical particles, charge conjugation relations, etc. Here and 
below 9 is the cm. angle between Vi and V3. The normalization of the amplitudes is 
defined by noting that the differential cross section in cm. is given by 

where the coefficient 

C = (A.3) 
32ns pu 

includes no spin average. This later choice is motivated by the fact that, inside the pro- 
ton, different vector boson distribution functions occur for different initial helicity states. 
Finally pi2, P34 in (B.3) denote the cm. momenta of the initial and final boson pairs 
respectively. 

As in [§], for s > ITeV"^ simple and very accurate expressions for the Ow<s> and 
contributions to the boson amplitudes are obtained by neglecting terms of order 
0{M^/s) with respect to the leading ones. The independent amplitudes for the various 
processes are given below as coefficients of the specified products of coupling constant^. 
The charge assignment of W is omitted whenever it is irrelevant. 



^The terms linear in the coupling constants Jb and fw coming from the diagrams which do not involve 
the Higgs boson have also been computed by I.Kuss ||l8|] . 
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^ 32M| 



F+-00 

F+-+- — — cw F+oQ- — 



"2 ° 



CwSwS 



{cos9 + 1) cwsws 



(A.4) 



9I /i 



w 



+-00 



— 

Cw 



(cos 6' — 1) Sp(/S 



~2'^++oo 



s2 



++++ 



s2 



+00- — 



(c^ - 3) sws 



16cwM? 



w 



(cos ^ + 1) s^s 



(A.5; 



-^+0-0 — 



+00- 



(cos 9 — 1) cws 
(cos6' + 1) cws 



++00 



(3 - 4c' 



w) 



(A.6) 



e 52/1 



w 



'+0-0 



++00 



(cos 6 — 1) s 



16M? 



w 



(1 - 4c^vf) ^ 



+00- 



(cos6' + 1) s 



(A.7) 
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gifn g2fw 



(cOSg- 1) g^g _ .2 p _ 

(cos ^ + 1) s^s (cos ^ - 1) (1 - 2c^) s 



_ (cosg + 1) il-2c^)s _ 1 _ c2^.s 



++++ 



'+0+0 — 



+00- 



-F++- = 

Cw 



1 (cos ^ — 1) CwSwS 

--F+0-0 = - 



(COS^ + 1) S^yS 



(A.9) 
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_ _ (cos^ + 1) s-^s 

^+-+- — — -f^+00- 



++- 



cw " 32cwM^ 
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^2cwM^ 



(A.IO) 
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_ cws _ (cos ^ + 1) CwS 

" 8MP^ 16M^SH^ 

(cos^- 1) (3-4c^) s 



'+0-0 



e ^2/1 



++00 



+0-0 



8M? 



F+00- 



w 



{cos9 + 1) s 
16M^ 



(cos^- 1) (l-4c^) s 



(A.12) 



+00- 



++00 



(cos 6* — 1) s 



(cos ^ + 1) S^rS 

(cos^ + 1) (1-24 ) g 
32cwM^ 

(1 - 2c^) s 



++++ 



(A.13) 
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32Mf 
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92 /l 



w 



e 9ifE 



e ^2/1 



w 



gifs g2fw 



-00 - - 4^++oo - (A.14) 



(cos^ — 1) s^s 



1 



_ (cos^ + l) sl^s 



^..00 - (A.16) 



^..00 = (A.17) 



(COS^ — 1) CwSwS {cos 9 + 1) Cw-SwS 



^""^ 16M^ 

1^ CwSwS 



00 - - -/++00 - (A.18) 
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16M,2 
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(cos ^ — 1) Svi^S 
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++++ 
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= 2F. 
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32c2^M2, 
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F++++ = 5^ (A-28) 



gifs g2fw 
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A. 2 Single Higgs processes 

The are three hehcity indices in the ampUtudes now, and the constrain from parity con- 
servation in the bosonic sector is given by a relation analogous to (A.l) with the Higgs 
treated as longitudinal vector boson. 
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A. 3 Two Higgs processes 
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Appendix B : Helicity amplitudes for Boson-Boson fusion pro- 
cesses at High Energy due to the Oub interaction 



The non vanishing processes at high energies are determined by the following ampli- 
tudes. 

B.l 4-gauge boson processes 

In analogy to the Ouw treatment in it is convenient to express the Oub contribution 
to the helicity amplitudes at s > ITeV'^, as functions of the initial and final helicities. 
Below we give the vector boson fusion amplitudes for the processes 

Vi{X)V2{X')^Vs{fi)V,{fi') , (B.l) 

where the helicities are indicated in parentheses. The masses of the vector bosons are 
denoted by rrij for {j = 1, ...,4), while ei, €2 denote the polarization vectors for the initial 
boson states, and 63, €4 the complex conjugate ones for the final states. Finally 6 is the 
cm. scattering angle; {z = cosO). For s > ITeV"^ we have 

, \ s{l + cos6) ,2 , 2n 

(£164) = — -. ^(l-/i'')(l-A2) 

( \ g(l + COsg) W2^ 

4m2m4 

(^364) = , (B.2) 



and the definitions 



Vi3 = -{1- Xfi){l-cose)fi^X^ ; \/24=-(1-AV)(1-cos^)^'2A'2 

8 8 

Vu = -{I- Xfi') {1 + cose) fi'^X^ ; \/23 = -(l-AV)(l + cos^)/i2A'2 (B.3) 

8 8 

^ij = (eiej) - -jrr^w Vij (B.4) 
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The Higgs propagator is written as 

Dh{x)=x-MI 

where Mjj = for x — t or u, and Mjj = — i Mh^h when x 
We find 
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B.2 Higgs production processes 
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No single Higgs process due to Oub survives at high energy. We have only to consider 
two Higgs processes. 

First the processes Vi{\)V2{t) — > HH are described by 9 helicity amplitudes Fxt{0). 
Here 9 is the angle between Vi and H, and the normahzation is such that the differential 
cross section writes 
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where 
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includes no spin average. We find 
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and for the crossed channel 



(B.27) 
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These EVi{t) EV2{ijl) channels are obtained by crossing those above. The helicity 
amplitudes are now given by 



Fth{0) = -{l-6f,o){l-6ro){sw,c^,,-swcw){^-cos9) 



(B.28) 



39 



References 



[1] G. Quast, Proc. of the EPS Conference on High Energy Physics, Marseille, France, 
1993; J. Lefrangois tbid.; D. Schaile, CERN-PPE/93-213 (1993); LEP Electroweak 
Working Group, CERN-PPE/93-157 (1993). 

[2] W. Buchmiiller and D. Wyler, Nucl. Phys. B268 (1986) 621 ; C.J.C. Burgess and 
H.J. Schnitzer, Nucl. Phys. B228 (1983) 454 ; C.N. Leung, S.T. Love and S. Rao 
Z. Phys. C31 (1986) 433 . 

[3] A. De Riijula et.ai, Nucl. Phys. B384 (1992) 3 . 

[4] K.Hagiwara et.ai, Phys. Lett. B283 (1992) 353 Phys. Rev. D48 (1993) 2182 . 
[5] G.J.Gounaris and F.M.Renard, Z. Phys. C59 (1993) 133 . 

[6] See e.g. the talk given by G. Altarelli at the Marseilles Conference, CERN- 
TH.7045/93 July 1993. 

[7] M.Bilenky, J.L.Kneur, P.M. Renard and D. Schildknecht, Nucl. Phys. B409 (1993) 
22 . 

[8] G.J.Gounaris and F.M.Renard, Z. Phys. C62 (1994) 139 . 

[9] G.J.Gounaris et al, in Proc. of the Workshop on e^e^ Collisions a 500 GeV:The 
Physics Potential,DESY 92-123B(1992),p.735,ed. P.Zerwas; M.Bilenky, J.L.Kneur, 
P.M. Renard and D. Schildknecht, Nucl. Phys. B419 (1994) 240 . 

[10] G.J. Gounaris, J. Layssac and P.M. Renard, Phys. Lett. B326 (1994) 131 . 

[11] C.Grosse-Knetter, I.Kuss and D. Schildknecht, Z. Phys. C60 (1993) 375 . 

[12] G.J.Gounaris, P.M. Renard and G. Tsirigoti, preprint PM/94-29 and THES-TP/94- 
07. 

[13] A.B. Lahanas and V.G. Spanos, Athens preprint UA/NPPS- 15/1994, |Eepj 

[14] G.J. Gounaris, J. Layssac and P.M. Renard, Phys. Lett. B332 (1994) 146 . 

[15] M.S.Chanowitz, Ann. Rev. Nucl. Part. Sci. 38(1988)323; M.S .Chanowitz and M.K. 
Gaillard, Nucl. Phys. B261 (1985) 379 . 



40 



[16] G.J. Gounaris, J. Layssac and F.M. Renard, PM/94-13 and THES-TP 94-03, to 
appear in Zeit. f. Physik C. 

[17] M.Jacob and G.C.Wick, Ann. Phys. 7 (1959) 404. 

[18] I.Kuss, preprint BI-TP 93/57 (1994). 



41 



